Hypothesis
==========

Classical neurodegenerative disorders (NDs), such as Alzheimer's and Parkinson's, are most commonly seen in the elderly and are increasing in incidence in the developed world as the population lives longer [@bib1]. Millions of people are affected by NDs [@bib2], which are generally fatal. Some NDs have been associated with viral infections [@bib1], [@bib3], [@bib4] and are commonly assumed to involve a chronic viral infection of the brain. However, repeated efforts to consistently detect specific virions, viral proteins, or viral nucleic acid in the brains of ND patients, even when highly sensitive molecular techniques are used, have generally failed [@bib5], [@bib6], [@bib7], [@bib8].

Extensive clinical evidence indicates that olfactory bulb (OB) degeneration is associated with all NDs investigated so far, and that impairment of odorant detection may precede clinically-apparent NDs by as much as 10 years [@bib9], [@bib10]. As the OB is anatomically linked to the nasal passages via the olfactory nerves (see "Tutorial on olfactory system anatomy"), respiratory viruses could play a role in OB degeneration if they were able to traverse those nerves. Nerve transport has been demonstrated for some neurovirulent viruses (i.e., viruses that replicate in neurons, and spread from neuron to neuron [@bib11], [@bib12], [@bib13]), but is generally assumed not to occur with non-neurovirulent viruses. However, highly sensitive molecular techniques have recently demonstrated that a mouse-adapted human influenza strain that is neither neurotropic nor neurovirulent can rapidly enter the mouse OB following intranasal instillation ([@bib14], "Experimental evidence supporting the hypothesis"). In the OB the virus appears to be 'trapped' by glial cells ([@bib14], "Major mechanisms of neuroinflammation" and "An influenza animal model demonstrating a gliotropic infection") and initiate wide-spread neuroinflammation. [1](#fn1){ref-type="fn"} Therefore, an alternative hypothesis to ND causation by a persistent neurovirulent viral infection is that over a person's lifetime, multiple 'common cold' and 'flu-like' viruses invade the brain from the nasal passages via the olfactory nerves. Such viruses are then captured and killed by glial cells in the OB, resulting in glial production of inflammatory mediators. These mediators, in turn, induce a cascade of proinflammatory cytokines in neurons and glia within olfactory cortical pathways and beyond with the potential to damage the neurons. The resulting brain damage is too limited to provoke classical neurological symptoms, but it accumulates over the individual's lifetime and can potentially contribute to the development of late-life NDs in genetically- or age-susceptible individuals. The key elements of this hypothesis are summarized in [Fig. 1](#fig1){ref-type="fig"} , and supporting evidence will be presented in "Experimental evidence supporting the hypothesis" and "Supporting evidence from the literature".Fig. 1This schematic outlines the hypothetical sequence of events involved in induction of neuroinflammation by viruses associated with common colds, flu-like infections, or other routine viral infections replicating in the upper respiratory tract. Gray arrows track the key local and global processes over time. Black arrows pointing to boxes with heavy black frames indicate the ultimate outcomes of gliotropic viral invasion. Text in rounded stippled boxes identifies important host factors affecting outcomes, such as immune status (which may determine the success of the viral invasion process), inflammation genotype (which may influence the severity and persistence of neuroinflammation), or inflammation status (such as ongoing systemic or neuroinflammation from the infection itself or chronic inflammatory disorders). Underlying the hypothesis is the widely accepted concept that sufficiently severe neuroinflammation can lead to neuronal degeneration.

For the purposes of this discussion the term ND will apply both to 'normal' age-related brain shrinkage and senile dementia, as well as classical NDs ranging from essential tremor [@bib18] to Alzheimer's, recognizing that the pathogenesis of these conditions may be dissimilar [@bib19] but that neuroinflammation contributes to all [@bib20]. A wide variety of brain insults, both extrinsic [@bib21] and intrinsic, can induce acute neuroinflammation (see [Table 1](#tbl1){ref-type="table"} ); many of these insults occur through inhalation ([@bib21], [@bib22], [Table 1](#tbl1){ref-type="table"}) and can potentially cause OB pathology (see "Tutorial on olfactory system anatomy"). While this article will focus on commonly-encountered viruses, it is likely that any systemic inflammatory event [@bib23], inhaled toxic chemicals ([@bib22], [@bib24], [@bib25], [Table 1](#tbl1){ref-type="table"}), or head trauma [@bib26], [@bib27], [@bib28] will amplify neuroinflammation by inducing additive or synergistic inflammatory events [@bib22], [@bib24]. Gene polymorphisms affecting inflammation severity and persistence are likely to be important players in ND development [@bib24], [@bib29], [@bib30], [@bib31], regardless of the cause. The underlying assumption of the hypothesis is that neuroinflammation, if sufficiently severe, will lead to some level of neurodegeneration [@bib32].Table 1Some common sources of neuroinflammatory stimuli.[a](#tblfn1){ref-type="table-fn"}Extrinsic stimuli (air-borne)Intrinsic stimuliGaseous and particulate pollutantsSystemic inflammationToxic industrial chemicals, heavy metalsDead brain cells, amyloid, other detritusPesticides and herbicidesHead traumaNon-neurovirulent (gliotropic) virusesFocal ischemiaOther microbesGlobal ischemiaNeurovirulent (neurotropic) virusesExcitatory amino acids, seizures[^1]

The realization that olfactory system degeneration accompanies, or precedes, the onset of clinically-apparent NDs has led to the development of the olfactory vector hypothesis, discussed in Refs. [@bib10], [@bib13], [@bib33]. However, the olfactory vector hypothesis has focused exclusively on viruses capable of replicating in, and killing, neurons [@bib13]. The hypothesis articulated in this article instead emphasizes a central role for much more commonly experienced non-neurovirulent viruses, such as human influenza, that infect glia (i.e., are gliotropic) but not neurons.

The material presented below encompasses several massive research areas. Space limitations require that only representative examples be included -- reviews are referenced when available. The discussion will start with tutorials on relevant olfactory system anatomy in "Tutorial on olfactory system anatomy" and major players in neuroinflammation in "Major mechanisms of neuroinflammation". The limitations of traditional viral brain invasion models ("Traditional viral brain invasion models"), together with the influenza work that has led to my hypothesis, is summarized in "An influenza animal model demonstrating a gliotropic infection". Some of the broader implications of the hypothesis are touched on in "Implications of the influenza-OB model". Clinical evidence that common respiratory viruses affect olfactory function is summarized in "Clinical evidence of olfactory pathology caused by common respiratory viruses". Influenza-associated pediatric brain pathologies are discussed in "Clinical evidence of brain damage in pediatric influenza infections". Some viruses traditionally associated with human NDs are briefly discussed in "Association of viruses with human NDs", together with recent studies of viruses interacting with glia rather than neurons. Host factors that are likely to influence susceptibility to viral brain invasion [@bib34] or characteristics of the neuroinflammatory state [@bib32] are described in "Host factors influencing outcomes from OB invasion by common viruses". Limitations of the available data that support this hypothesis are summarized in "Limitations of available experimental data" together with important parameters for testing the hypothesis with other viruses ("Important parameters for investigating non-neurotropic viruses in the brain"). Then some prophylactic and therapeutic approaches to minimizing neuroinflammation caused by common viruses, and perhaps other neurological insults listed in [Table 1](#tbl1){ref-type="table"}, are briefly discussed in "Some approaches to prevention or treatment of respiratory virus-associated neuroinflammation". The conclusions and major goals of this article are summarized in "Conclusions and goals of this article".

Tutorial on olfactory system anatomy
====================================

This overview of the relevant spatial and organizational relationships of the olfactory system is intended to assist those readers with a limited background in olfactory neuroanatomy. Anatomical and functional details for the neuroanatomist are provided elsewhere [@bib13], [@bib35].

The olfactory system is comprised of (1) olfactory neurons located in the upper region of both nasal passages that, together with their associated glial and support cells, make up the olfactory nerves (ONs) [@bib33], [@bib35]; (2) the right and left lobes of the OB comprising the front-most region of the brain; and (3) neurons projecting from the OB to the olfactory cortex and beyond [@bib36]. The OB that will be referenced in this article is the main OB, so-called to distinguish it from the accessory OB that processes signals from the vomeronasal organs [@bib37].

The olfactory system senses air-borne odorants via the dendrites of the olfactory neurons lining the neuroepithelium in the uppermost nasal cavity region [@bib35]. As odorant sensing requires a distinct dendritic receptor and olfactory network for each odorant, the olfactory receptor genes comprise the largest single gene family in the mammalian genome [@bib35] and the ONs contain millions of axons. These axons coalesce into 15--20 large axon fascicles, or filia, that comprise the olfactory nerves [@bib13]. The filia penetrate a perforated bony structure in the skull above the nose termed the cribriform plate. At the point where the ONs enter the cranial cavity they form the outermost layer of the OB, i.e., the ON layer. The olfactory neurons synapse in the adjacent glomerular layer with mitral neurons that form the third layer of the bulb. After odorant signals from the glomeruli are further processed within the succeeding cell layers of the multi-laminate OB, the signals are then transmitted to the rest of the brain via neurons projecting primarily to the olfactory cortex and anatomically related structures adjacent to the OB [@bib35].

The olfactory neurons are unique in that they are the only neurons in the body with their dendritic processes directly exposed to the environment; only a thin layer of mucus protects the dendrites from substances in inhaled air [@bib38]. Therefore the olfactory neuron dendrites (and potentially the OB) are exposed to air-borne chemical toxins and particulates as well as any infectious agents that enter the body via the nose, mouth, or eyes and replicate at some point in the nasal passages. The ONs themselves are also exposed to blood-borne pathogens because they lack a blood--nerve barrier [@bib39].

An additional feature of the ONs is a structure not yet described in other nerves, i.e., channels derived from glia-like olfactory ensheathing cells (OECs) and the adjacent connective tissue [@bib40]. These channels serve as support systems for olfactory neuron regeneration and have been demonstrated to transport mineral nanoparticles about 100 nm in diameter to the OB glomerular layer within 24 h [@bib41]. Though no viruses have been shown to be transported through OEC channels, most are smaller in size than the active nanoparticles. More conventional nerve transport mechanisms employed by neurotropic viruses are discussed in Ref. [@bib42].

Major mechanisms of neuroinflammation
=====================================

Central role of glia in neuroinflammation
-----------------------------------------

Glia, particularly microglia and astrocytes, form the intrinsic innate immune system of the brain. *In vivo* techniques now make it clear that microglia play a prominent role in neuroinflammation and serve as the convergence point for many NDs [@bib20]. Microglia make up about 12% of the general brain mass [@bib24] and are particularly densely distributed in the OB glomerular layer [@bib43] and in the substantia nigra [@bib24] targeted in Parkinson's. Microglia express neurotransmitter receptors [@bib44], are regulated in part by neurons [@bib44], and produce trophic as well as toxic factors for neurons [@bib24]. When activated by pathogens, toxins, cellular debris or excitatory amino acids microglia release a broad range of inflammatory products such as eicosenoids, metalloproteinases, proteases [@bib45], and oxygen and nitrogen free radicals [@bib46] capable of damaging nearby cells. Activated microglia also produce the key proinflammatory cytokines interleukin (IL)1β [@bib47] and tumor necrosis factor (TNF)α [@bib48]. These cytokines, particularly IL1β, are toxic for neurons *in vitro* and *in vivo* and can induce neurodegeneration [@bib49], [@bib50]; when combined the toxicity of the two cytokines is synergistic [@bib51], [@bib52]. Activated microglial products also open the blood--brain barrier to circulating inflammatory cells and blood-borne soluble mediators [@bib53].

Recently studies have shown that another category of phagocytic glial cells is prominent in the OB glomerular layer, i.e., dendritic cells [@bib54]. Dendritic cells and microglia are both derived from macrophages, are morphologically similar, express many of the same antigens, and cannot be distinguished from one another without uncommonly used selective stains. The role of dendritic cells in neuroinflammation is not known.

Prominent role of viruses in brain infections
---------------------------------------------

The epidemiological association of viruses (rather than other infectious agents) with NDs may be related to their vigorous induction of type I interferons (IFNs). While these IFNs are known for their anti-viral action, they also have a complex role in immune regulation [@bib55], [@bib56]. IFNαs induce numerous genes that could be relevant to NDs, including the chemokine MIP-1α [@bib57], [@bib58] and IL-16, a marker for activated microglia [@bib59]. Sustained expression of IFNα in the brain leads to neurodegeneration [@bib60]. IFN-induced gene polymorphisms appear to determine susceptibility to multiple sclerosis [@bib61] and chronic hepatitis C infections [@bib31]. IFNα is not induced by bacteria or other microbes in substantial quantities [@bib62], and therefore viruses are more likely to initiate neuroinflammatory processes driven by these mediators than are other infectious agents.

Of course, another feature of viruses is their small size relative to other pathogens, which may facilitate their entry into the OB and perhaps other brain regions as well.

Experimental evidence supporting the hypothesis
===============================================

Traditional viral brain invasion models
---------------------------------------

Standard viral neuropathology models have employed large doses of viruses isolated from infected brains that are both neurotropic and neurovirulent. These animal models were originally developed to detect viruses, but over the years have morphed into neuropathology models. These models frequently employ intracerebral inoculation, or OB inoculation [@bib63], to assure brain infection [@bib39]. In addition, the models also commonly employ immunologically immature neonates and unnatural host species as well as the unnatural infection routes mentioned above that bypass host defenses. A comparison of herpes infection by the intranasal route (no symptoms) and the intracerebral route (encephalitis and death) [@bib64] reveals the importance of the route used to infection outcomes.

The OB is sometimes examined in models employing neurovirulent viruses inoculated intranasally and it is generally positive for virus [@bib12], [@bib65], [@bib66], [@bib67]. It is currently customary to wait 2--3 days before examining the brain for virus in experimental models, though acute infection may occur within hours [@bib14]. Modern molecular techniques \[such as polymerase chain reaction (PCR), particularly the nested technique\] increase the sensitivity of virus detection by orders of magnitude and allow detection of the viral replication products in the brain within hours of infection when gliotropic properties are most likely to be perceptible (see "Important parameters for investigating non-neurotropic viruses in the brain").

An influenza animal model demonstrating a gliotropic infection
--------------------------------------------------------------

By using nested PCR and looking at tissue hours instead of days post-infection (PI), we have shown that immunocompetent mice demonstrate rapid (within 4 h) influenza viral invasion of the OB following intranasal inoculation, with or without anesthesia. The strain employed was a mouse-adapted human strain of a H1N1 influenza A virus, PR8 [@bib14]. PR8 and other human influenza strains [2](#fn2){ref-type="fn"} have no recognized neurovirulent properties in immunocompetent animals [@bib39].

Influenza is a minus-stranded RNA virus, and the presence of plus strand indicates that the virus is undergoing at least partial replication. Using nested PCR for both of these viral RNA strands, we see the presence of PR8 replication intermediates at 4, 7 and 15 h PI [@bib14]. These intermediates are seen up to 96 h in the OB but are not detected in the somatosensory cortex (which lacks projections from the OB) at any time period examined [@bib14], [@bib71]. They are also seen at 15 h in OBs of mice bearing a functional IFN-induced Mx1 gene that inhibits viral replication and attenuates viral symptoms (Sawatski, et al., unpublished findings). At 15 h PI (the time at which the mice become clinically ill with the dose of virus used) we also see a significantly increased expression of proinflammatory cytokine mRNAs [@bib14]. These cytokines include IL1β and TNFα, both potent and synergistic mediators of neuroinflammation (see "Major mechanisms of neuroinflammation"). We also detect mRNAs for IFN-induced enzymes [@bib14] that serve as sensitive markers of IFN expression in the infected OB. Expression of these IFN-induced enzymes is significantly increased at 7 h PI and very strongly up-regulated at 15 h PI [@bib14].

Immunohistochemical evidence shows that the influenza viral antigen is associated with glial cells that have an activated morphology in the OB glomerular layer [@bib14], [@bib36], but not in neurons or in subsequent OB laminae or cortical pathways [@bib36]. Viral antigen is also seen in fusiform cells (possibly OECs -- see "Tutorial on olfactory system anatomy") within the olfactory nerves [@bib36]. These immunohistochemical studies also show that neuroinflammation (in the form of an increased number of cytokine-expressing neurons) is activated in the OB, olfactory cortex (piriform and olfactory tubercle), the amygdala and the hypothalamus at the time of illness onset, but not at 10 h PI, prior to illness onset [@bib36]. Increased neuronal expression of proinflammatory cytokines associated with the onset of the APR has not, to my knowledge, been described previously. We have not yet examined cytokine expression in the brain beyond 15 h PI, nor have glial cells been quantified or characterized beyond the OB outer layers [@bib36].

Because viral replication is seen in the OB at 4 h PI, prior to completion of influenza replication in nasal tissues (7--8 h), the viral RNA detected in the OB is likely to represent input virus. The fact that the virus enters the OB glomerular layer suggests that it is being transported via either active axonal transport [@bib42] or passively via OEC channels, though the minimum time required for either transport route in mice is not known. The persistence of viral replication intermediates to at least 96 h PI in the OB suggests the possibility that virus continues to enter the brain via its olfactory nerve route throughout the infection, or is replicating in a susceptible OB cell type. It is not known if complete infectious virions are formed in the OB, but (as stated above) viral antigen is detected only in the ON and OB glomerular layers [@bib36].

Implications of the influenza-OB model
--------------------------------------

It is probable that rapid viral invasion of the OB is not unique to influenza virus, and that other respiratory agents that reach adequate concentrations in the upper nasal cavity can also enter the OB by the same mechanism. Suggestive evidence that this may occur in routine human respiratory infections is presented in "Clinical evidence of olfactory pathology caused by common respiratory viruses". Whether the wide-spread neuroinflammation seen at the time of PR8 illness onset leads to neurodegeneration in infection-affected brain regions [@bib72] is yet to be determined. But global neuroinflammation and neurodegeneration following a localized brain injury have been seen in a cortical impact head trauma model [@bib73], suggesting that possibility. The up-regulation of neuronal cytokines by glial cytokines that seems to occur in our intranasal influenza model [@bib36] suggests a mechanism by which local neuroinflammation can become global.

Over a normal lifespan an individual may experience dozens of viral infections that infect the respiratory tract, including infections with classically neurovirulent viruses that are manifested primarily as rashes (measles, mumps, rubella, varicella, etc.) or stomatis (herpes simplex). Each of these infections could potentially cause low-level neuroinflammation and neuronal loss, which would accumulate over time. While these low-level brain infections may not cause classical neurological symptoms (such as seizures), the headaches, fevers, anorexia and somnolence \[or the acute phase response referenced in ([Fig. 1](#fig1){ref-type="fig"})\] commonly experienced in 'flu-like' infections could be related to brain inflammation. Indeed it might be appropriate to consider these common 'flu' symptoms as 'neurological,' regardless of their origin, since they clearly involve the brain.

Supporting evidence from the literature
=======================================

Clinical evidence of olfactory pathology caused by common respiratory viruses
-----------------------------------------------------------------------------

As stated in "Hypothesis", there is a growing awareness that degeneration of the OB occurs early in many ND patients prior to onset of overt neurological symptoms [@bib9]. Anosmia (loss of the sense of smell) or other olfaction disorders (ODs) are functional markers of OB degeneration that are seen relatively early in many ND patients [@bib74]. Clinical ODs have been associated with recently-experienced respiratory viral infections [@bib75], [@bib76], including pandemic influenza [@bib77], rhinoviruses, parainfluenza 3 virus [@bib76], and coronaviruses [@bib78]. Head trauma, toxin exposure, cardiac bypass and certain drugs are the other identifiable causes of ODs [@bib75], [@bib79], [@bib80]. The pathogenesis of post-viral ODs is thought to result from destruction of olfactory receptor neurons within the nose, but central pathology within the OB cannot be eliminated [@bib75].

Functional magnetic resonance imaging can map OD changes within the brain [@bib81] but this technique has not been applied to ODs specifically associated with respiratory viral infections. Because the insipient OD is not apparent during the active infection, conducting imaging studies of the acute process is very difficult. However, imaging the OB following infection recovery may provide insights into the pathogenesis of infection-associated ODs. Clinical studies are also needed to determine if ODs early in life are commonly linked to NDs later in life.

Clinical evidence of brain damage in pediatric influenza infections
-------------------------------------------------------------------

Recently an association of influenza virus with encephalopathy or encephalitis in children, particularly Japanese children, has been recognized [@bib82]. Very recent studies suggest that a mitochondrial mutation may underlie acute influenza encephalopathy, which can be considered a form of Reye's syndrome [@bib83]. Similar encephalopathies have been reported in infants severely ill with respiratory syncytial virus [@bib84] and recently. Post-influenza encephalitis occurring 3--4 weeks after influenzal disease is also seen relatively frequently in Japanese children, and is thought to be an autoimmune disorder similar to Guillain--Barré [@bib85]. These disorders are distinct from acute influenza encephalitis/encephalopathy (manifested during the clinical respiratory infection in small children [@bib86] and adults [@bib3], including pandemic H1N1 2009 [@bib87]), though all of these diseases suggest brain damage by influenza virus. Olfactory disorders have not been reported in these pediatric neurological diseases associated with influenza.

Association of viruses with human NDs
-------------------------------------

To date, no specific virus or viral family has been consistently associated with a specific human ND (with the notable exceptions of HIV dementia [@bib88], progressive multi-focal leukoencephalopathy [@bib89] and possibly amyotrophic lateral sclerosis [@bib90]). This failure to detect definitive viral associations in more common NDs may simply reflect the possibility that the contributing viruses cause a "hit-and-run" neuropathology [@bib8] via glial activation and do not persist in the brains of ND patients. This concept would also account for the wide variety of common viruses occasionally detected in both the brains of ND patients [@bib91], [@bib92], [@bib93], [@bib94] and in normal control brains as well [@bib4], [@bib95]. Further, the concept would account for the wide variety of viral antibodies in serum and spinal fluid of ND patients [@bib96], [@bib97].

Extensive epidemiologic evidence implicates influenza and other common viruses, as well as certain neurotropic parasites, in the pathogenesis of selected classical NDs (such as multiple sclerosis [@bib98], Parkinson's [@bib99] [3](#fn3){ref-type="fn"} and Alzheimer's [@bib1]) and NDs better defined by behavioral changes, such as schizophrenia and bipolar disorder [@bib94]. The most compelling evidence for an infection-ND relationship is found in schizophrenia [@bib5], [@bib105], [@bib106], a disease in which progressive deterioration of neural connectivity occurs in the presence of neuroinflammation [@bib107]. A large Danish study in a cohort of 1746,366 persons (including 2669 subjects with schizophrenia) reveals that schizophrenia incidence is increased in subjects with a high risk of childhood infections [@bib108]. Recently a large prospective study in Finland demonstrated a striking relationship between clinically-apparent CNS infections in children (mostly males, who are more susceptible than females to severe infections from birth to 5 years of age [@bib109]) and the occurrence of schizophrenia or other psychoses in adulthood [@bib105]. Extensive epidemiological evidence suggests that schizophrenia in the offspring is associated with influenza infections in the mother during pregnancy [@bib1], [@bib106], though animal models suggest that *any* severe systemic inflammatory stimulus in the pregnant dam can result in schizophrenia-like lesions in the offspring [@bib110].

A few recent experimental studies have observed that gliotropic viruses can contribute to neurodegeneration. Studies of the neurotropic Borna disease virus indicate that glial activation by the virus precedes neuronal destruction [@bib111], suggesting that gliotropism rather than neurotropism may initiate the neuropathology associated with this virus. Further evidence of this phenomenon has been seen with an endogenous mouse Moloney leukemia retrovirus model [@bib112], in which glial activation by the virus is responsible for motor neuron degeneration, not neuronal infection *per* *se*. A growing interest in the role of glia in virus-associated NDs, combined with early analysis (24 h or less post-infection), natural routes of infection, and ultrasensitive detection techniques (see "Important parameters for investigating non-neurotropic viruses in the brain") may reveal that many viruses that cause neuropathology are initially gliotropic, and that acute glia-based neuroinflammation initiates neurodegeneration whether or not the neurons themselves become infected.

Host factors influencing outcomes from OB invasion by common viruses
--------------------------------------------------------------------

The severity and persistence of neuroinflammation following a brain insult is likely to be influenced by several genes. Limited evidence points to cytokine polymorphisms as determinants of the amount of brain damage occurring after respiratory infections [@bib24], [@bib29], [@bib30], [@bib31]. In addition, the individual's genetic propensity to mount a vigorous systemic inflammatory response may also prove relevant to ND development. There is experimental [@bib113], [@bib114] and clinical [@bib115] evidence showing that systemic inflammation intensifies brain inflammation, even if the systemic inflammation is asymptomatic [@bib116]. A recent study has shown that cognitive decline progresses more rapidly in Alzheimer's patients experiencing frequent infections and other causes of systemic inflammation [@bib117].

Another host factor of critical importance is age. Invasion of gliotropic viruses may increase in young children as a consequence of an immature innate immune system [@bib118], [@bib119] and limited acquired immunity. Viral invasion of the brain may also increase in older individuals due to immune senescence and other changes in the aged [@bib1], [@bib115]. Aging changes also may amplify the impact of systemic inflammation on neuroinflammation [@bib120].

Experiences with animal models using neurotropic viruses confirm the importance of genetic background to the development of neuropathology. Dramatic mouse strain differences in susceptibility are seen in mouse hepatitis virus and Theiler's virus models [@bib121], [@bib122]. Commonly employed mouse strains with very different immune responses, the BALB/c and C57BL/6 strains, respond very differently to disseminated viruses [@bib123], [@bib124] and intranasal viruses [@bib125]. In general, C57BL/6 mice are more resistant to viruses than BALB/c mice, but when they do succumb it is largely due to T cell-driven inflammation [@bib124], not viral damage *per se*.

Gender differences also affect neuropathology outcomes. Female mice recover better than males in a vesicular stomatitis virus encephalitis model, and appear to produce more anti-viral nitric oxide [@bib126]. Women seem to fare better than men following head trauma [@bib127] but not olfactory damage [@bib75]. Schizophrenia [@bib105] and Parkinson's [@bib128] occur more frequently in males, while Alzheimer's [@bib129] and multiple sclerosis occur more frequently in females [@bib130]. The role of sex hormones in neuroinflammation appears to be very complex, as would be expected.

Acquired immune status may also be an important determinant of viral neuroinvasion. The C57BL/6J mice used in our influenza-OB model are immunologically naïve with respect to influenza virus. Studies of pandemic influenza patients (by definition, a non-immune population) indicate that influenza encephalitis is more common than during inter-pandemic periods [@bib131] where partial immunity prevails. It is likely that pre-existing immunity will impair OB invasion, as previous intranasal exposure to an adenovirus vector prevents the invasion of the OB commonly seen with the vector [@bib132]. Maternal antibody can prevent or reduce brain invasion with a respiratory virus that is a natural pathogen for swine [@bib133]. The role of pre-existing immunity in the influenza-OB model described in "An influenza animal model demonstrating a gliotropic" infection is under investigation.

A less studied host factor is termed brain or cognitive reserve [@bib134], which is estimated by various measures of intelligence. This factor may determine an individual's 'incubation period' for a clinically-apparent ND. Time of onset of both HIV-associated dementia [@bib135] and clinical Alzheimer's appears to involve brain reserve [@bib136]. Studies have demonstrated that over 70% of the neurons in the substantia nigra or the ventral horns of the spinal cord must degenerate before clinical disease is apparent [@bib12]. Individuals with more extensive and better-developed neural networks may bypass brain damage more effectively and remain functional longer.

Research issues
===============

Limitations of available experimental data
------------------------------------------

Our data from the influenza-OB model are meaningful only if the phenomenon is a general one and occurs in humans and/or farm animals. To date we have focused on characterizing influenza invasion of the OB using high doses of PR8 in mature male C57BL/6 (influenza-resistant) mice. The effects on OB invasion by PR8 of the following experimental variables remain to be investigated: (1) mouse gender; (2) pre-immunization with a related viral strain; (3) virus doses that infect but fail to make the animals ill; (4) viral strains that are more sensitive to IFN or other innate immune responses; (5) mice with chemically ablated olfactory nerve dendrites or transected olfactory nerves. [4](#fn4){ref-type="fn"} There is also a need for ultrastructural studies of infected olfactory nerves to characterize the location of the virus in the nerve. General research issues include analysis of OB viral invasion: (1) by different flu-like respiratory viruses (respiratory syncytial virus, non-neurovirulent mouse hepatitis virus, etc.) in intranasal infections using the procedural guidelines listed in "Important parameters for investigating non-neurotropic viruses in the brain"; (2) in different animal species. Finally, all viral models, including the influenza-OB model, need to be examined for neurodegeneration as well as neuroinflammation.

Confirming the relevance of animal models, such as the influenza-OB model, to human brain diseases will require the use of non-invasive techniques that can be employed to follow subjects prospectively over many years. As a baseline the EEG changes previously reported in ongoing respiratory infections [@bib137], [@bib138] need to be confirmed and extended using sensitive imaging methods in patients hospitalized with severe respiratory infections but lacking neurological symptoms. If the EEG changes correlate with neuroinflammation, less expensive EEG analyses could then be used to select subjects for prospective analysis of brain damage using such imaging techniques as those that detect gross neurodegeneration in schizophrenics [@bib15], [@bib139], HIV dementia and Alzheimer's patients [@bib15], [@bib140]. Subjects with olfactory dysfunction following a respiratory infection would also be excellent candidates for prospective studies using the functional MRI imaging techniques that were mentioned earlier [@bib81]. A focus on the OB in imaging studies is probably appropriate until other brain regions are clearly implicated in gliotropic virus pathology.

Important parameters for investigating non-neurotropic viruses in the brain
---------------------------------------------------------------------------

Several parameters of our PR8 model have allowed us to identify the virus as gliotropic. Most of these parameters are described in reference [@bib14] and include using: (1) light anesthesia during inoculation to minimize swallowing of the inoculum; (2) relatively large volumes of viral inoculum that flood the nasal cavity (25 μl/nostril--10 μl was less efficient); (3) early brain tissue harvesting to assure that the virus has not yet been cleared by resident glia or invading leukocytes; (4) highly sensitive nested PCR techniques for virus detection; (5) real-time PCR to quantify cytokine induction and virus levels (when detectable); (6) histochemistry studies to identify glial cell infection; (7) highly purified virus to prevent cytokine induction artifacts [@bib141]; and (8) thoroughly inactivated virus as a control to provide both a similar antigenic stimulus and a control for cytokine-inducing viral contaminants [@bib141]. Finally, the use of nested PCR primers that detect both viral genomic and replication intermediates provides useful information on viral replication status in the tissue of interest.

Some approaches to prevention or treatment of respiratory virus-associated neuroinflammation
============================================================================================

Prevention of viral invasion of the brain
-----------------------------------------

If common viruses do contribute to NDs, and immunity prevents this, more aggressive public health measures aimed at preventing a majority of viral infections in children and adults are warranted. While vaccines are the obvious approach, the possible role of respiratory viruses in ND etiology argues for caution when developing live virus intranasal vaccines.

Prophylactic and therapeutic approaches to preventing neuroinflammation
-----------------------------------------------------------------------

In addition to preventing respiratory infections, safe pharmacological agents that dampen neuroinflammation [@bib142], [@bib143], [@bib144] are needed, regardless of the etiology of NDs. Selected statins that cross the blood--brain barrier inhibit neuroinflammation [@bib145], and a large study has revealed a reduction in dementias and Parkinson's in patients receiving this class of statins, but not other statins [@bib146]. Dietary fish oil, a major source of omega-3 fatty acids, also appears to protect against dementia and Alzheimer's pathology, perhaps as effectively as statins [@bib145] and with less risk. Mercury-free fish oil is inexpensive, widely available, free of known side effects, and probably cardio-protective [@bib147]. Promising data on a neuroprotective role of vitamin D3 [@bib148] suggest that this vitamin could also be useful as a prophylactic, though current data are not totally convincing [@bib149].

Some therapeutic approaches are suggested by investigations in neuroinflammation models. Products of cyclooxygenase 2 (COX-2), an enzyme induced in the brain by proinflammatory cytokines, have a prominent role in neuroinflammation [@bib150], [@bib151], and COX-2 inhibitors have been proposed as potentially neuroprotective agents [@bib152]. Acetaminophen may also have promise [@bib153]. Another possible acute treatment is minocycline, which can suppress microglial activation [@bib144]. Several drugs targeted at blocking neuroinflammation are under development [@bib143], [@bib154], [@bib155]. Using such drugs in acute viral infections could prove beneficial in the long-term.

Conclusions and goals of this article
=====================================

The key points of this article are sketched in [Fig. 1](#fig1){ref-type="fig"}. While there is a consensus that activated glia play a major role in ND development, the concept that commonly-encountered gliotropic viruses could initiate or contribute to age-related brain shrinkage, senile dementia or classical NDs (such as Alzheimer's) via glial activation has not been considered previously. The language of neurovirology employs the terms "neuroinvasive", "neurotropic" and "neurovirulent" in the context of viruses infecting the brain, reflecting the focus on viruses that can directly infect and kill neurons and cause neurological symptoms as currently defined. But in recent decades, the glia (particularly the microglia) have received more attention, and this article attempts to broaden the framework of neurovirology to include "hit-and-run" gliotropic viruses as possible players in the etiology of ND development.

Some novel ideas introduced in this article include (1) the concept that cumulative damage from numerous mild viral infections with both gliotropic and neurotropic viruses over a lifetime can contribute to ND development; (2) olfactory ensheathing cell (OEC) channels may serve as conduits for rapid viral invasion of the OB; (3) EEG abnormalities during acute viral infections may predict neurologically important viruses; and (4) acute viral symptoms may include cytokine cascades in the brain invoked by gliotropic viruses taken up by the OB ("Implications of the influenza-OB model") as well as cytokines from the periphery acting upon the hypothalamus through conventional pathways [@bib156]. The article also identifies a number of host factors that may contribute to neurological outcomes of covert viral invasions of the OB.

Direct evidence for many aspects of this complex hypothesis is limited (particularly its relevance to human disease and applicability to viruses other than virulent influenza), but all aspects are testable in animal models and some can be investigated in clinical settings with the imaging techniques described in "Limitations of available experimental data" as well as long-term prospective studies of possible associations between NDs and such conditions as encephalopathies or olfactory deficiencies.

In summary, this article presents a novel hypothesis of ND etiology and is intended to stimulate the extensive research needed to confirm (or deny) the assumptions underlying the hypothesis and to broaden the research to other respiratory virus models in animals and humans.
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Neuroinflammation is often defined as a state of glial activation that results in the secretion of cytokines and other inflammatory mediators within the brain in the absence of inflammatory exudates [@bib15] -- this definition generally applies to acute conditions and is employed in the discussion to follow. However, the term is also used to describe persistent brain inflammation that may involve activated leukocytes that have crossed the blood--brain barrier. This form of neuroinflammation is found in more chronic neurological disorders such as HIV dementia [@bib16] and multiple sclerosis [@bib17], and will be referred to in this discussion as chronic neuroinflammation.

The exceptions are mouse brain-adapted neurotropic strains of human influenza viruses [@bib39]. These viral strains (NWS, NSW) grow in and kill neurons and can cause selective neurodegeneration [@bib68] or a lethal encephalitis when inoculated by the intracerebral route [@bib39]. However, these strains of influenza are highly atypical and should not be compared to epidemic or other human strains of influenza, which can be taken up by glia but not neurons [@bib69]. Avian influenza strains, such as the H5N1 strains of current concern, tend to be neuroinvasive and neurovirulent [@bib70], unlike human strains.

The association of Parkinson's with influenza virus is based on the high incidence of post-encephalitic Parkinson's (PEP) seen in young adults between 1920 and 1924 following the 1918 influenza pandemic. PEP, however, was associated with von Economo's encephalitis (or encephalitis lethargica, EL), not influenza. EL was first diagnosed during a streptococcal disease epidemic in 1915--1916 [@bib100] that preceded the influenza pandemic [@bib3]. EL is still seen, and is thought to be an autoimmune complication of streptococcal infections affecting the basal ganglia [@bib3], [@bib101]. There is no direct association of influenza virus with Parkinson's disease [@bib102], though a role for respiratory viruses in sporadic Parkinson's may yet be demonstrated [@bib103] --perhaps as an amplifier of inhaled chemical injury [@bib104].

A recent publication [@bib157] has employed olfactory nerve transection in the mouse influenza model described here and shown some alteration in responses. However, the completeness of the nerve transection was not documented in this study.

[^1]: The order of the listed stimuli reflects the relative frequency with which they occur in urban life.
